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Abstract
The faster drugs of abuse reach the brain, the more addictive they can be. It is not known why this is. Environmental stimuli
associated with drugs can promote the development and persistence of addiction by invigorating and precipitating drug-
seeking behaviour. We determined, therefore, whether cues associated with the self-administration of rapidly delivered
cocaine (injected intravenously over 5 versus 90 seconds) would acquire greater conditioned rewarding properties, as
assessed by the performance of an operant response reinforced solely by the cues. Rats nose-poked for intravenous cocaine
infusions delivered either over 5 or 90 seconds. Discrete visual cues accompanied each infusion. The rats could then press a
lever to obtain the cues—now a conditioned reward—or an inactive lever. Rats in both the 5- and 90-second groups
pressed more on the active versus inactive lever following extensive (24 sessions) but not following limited (3 sessions) self-
administration training. There were no group differences in this behaviour. Following withdrawal from cocaine self-
administration, lever discrimination progressively abated in both groups and was lost by withdrawal day 30. However, the
rewarding properties of the cues were not ‘‘forgotten’’ because on withdrawal days 32–33, amphetamine selectively
enhanced active-lever pressing, and did so to a similar extent in both groups. Thus, cues paired with rapid or slower cocaine
delivery acquire similar conditioned rewarding properties. We conclude, therefore, that the rapid delivery of cocaine to the
brain promotes addiction by mechanisms that might not involve a greater ability of drug cues to control behaviour.
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Introduction
When drugs reach the brain quickly the probability and severity
of addiction are increased. For example, smoking or intravenously
(i.v.) injecting cocaine are the two fastest routes for getting the drug
to the brain and these routes are associated with greater self-
reports of loss of control over drug use, greater difficulty in
reducing or stopping cocaine use and an increased likelihood of
developing addiction [1–7]. In laboratory animals, increasing the
speed of intravenous drug delivery promotes the development of
psychomotor sensitization to cocaine [8,9] and nicotine [10],
increases the motivation to self-administer cocaine over repeated
test sessions [11] (although not acutely [11,12]) and leads to both
greater cocaine intake under extended-access conditions and more
persistent vulnerability to drug-primed reinstatement of extin-
guished cocaine-seeking behaviour [13]. With respect to the effects
of drugs on the brain, ‘how quickly’ appears to be just as decisive
as ‘how much’ [14]. When drugs like cocaine or nicotine are
delivered to the brain rapidly, they lead to greater changes in
cellular activity in mesocorticolimbic structures [9,10,15], greater
and more immediate increases in heat-producing, metabolic
activity in the ventral tegmental area and nucleus accumbens
[14], and more immediate increases in dopamine transporter
blockade [9] and extracellular dopamine levels [16] in the
striatum.
It has been proposed that rapidly delivered drugs are more
addictive because they can lead to more intense and more
immediate subjective pleasurable effects [17–19], because they are
more acutely reinforcing [20–23], and/or because they promote
sensitization-related changes in the brain that promote excessive
incentive motivation for drugs [8–10,24]. In addition to these drug
effects, stimuli that have come to be associated with drug use can
also contribute in powerful ways to the initiation and persistence of
drug addiction [25]. For a given drug user, there are specific
objects, people, sounds, places and sensations that consistently
precede the onset of drug effects. In cocaine-experienced
individuals, for example, it has been proposed that such
exteroceptive and interoceptive stimuli cause more direct and
more immediate reward signalling than the drug itself [26]. In
addicts, such stimuli are known to elicit attention and approach
[27–29], become excessively wanted (in ‘‘needle freaks’’ for
example, who compulsively inject with a drug-free needle [30])
and invoke motivational states that can support compulsive drug
seeking and induce relapse during abstinence [25,31]. Similarly, in
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precipitate or energize drug-seeking behaviour [33,34] and
instigate reinstatement of previously extinguished drug-seeking
behaviour [35–37].
Reward-associated cues can act as ‘‘response activators’’,
triggering and energizing reward-seeking behaviours [38–40].
They can also support the spontaneous learning of novel
instrumental actions, i.e. they can act as conditioned reinforcers
[41]. Indeed, environmental cues paired with self-administered
drugs such as cocaine or heroin [42,43] can support the rapid
learning of novel operant behaviours, in a manner that is persistent
and strictly dependent upon the associative strength between the
cue and the reward. Environmental cues acquire greater
associative strength and do so sooner when the time interval
separating presentation of the cues and the unconditioned effects
of the reward is short [44]. A subject smoking or intravenously
injecting cocaine will experience the unconditioned central
nervous system actions of the drug more immediately than a
subject using a slower route of administration (e.g., the intranasal
route). Consequently, any cues that precede cocaine smoking or
i.v. injection might be expected to acquire greater associative
strength, and do so sooner than stimuli associated with the slower
delivery of the drug to the brain. In considering this, we asked the
following question: Do environmental stimuli associated with rapid
versus more sustained cocaine delivery acquire greater conditioned
rewarding properties, and do so sooner? To address this question,
we allowed rats to self-administer intravenous cocaine injections
delivered either over 5 or 90 seconds (s). Discrete visual cues
accompanied each cocaine injection, such that these became drug
cues. We then assessed the conditioned rewarding properties of
these cues by examining the acquisition and persistence of operant
responding reinforced solely by the cues. Finally, we assessed
amphetamine-induced potentiation of operant responding for the
cues, as amphetamine [45]—but not cocaine [46]—is known to
enhance the incentive motivational properties of Pavlovian reward
cues.
Materials and Methods
Ethics Statement
The experimental procedures were performed in accordance
with the principles outlined by the Canadian Council on Animal
Care. The Committee on the Ethics of Animal Experiments of the
Universite ´ de Montre ´al approved all experiments (Protocol
Number: 10-106). The experimenters made all reasonable efforts
to avoid or minimize animal suffering.
Subjects
Male Wistar rats (Charles River Laboratories, St-Constant,
Quebec; weighing 225–250 g upon arrival) were individually
housed under a 12-h reverse light/dark cycle (lights off at 8:00
AM). Testing was conducted during the dark phase of the animals’
circadian cycle. Unless indicated otherwise, water was available ad
libitum. Unless indicated otherwise, food was restricted to 5
standard rodent food pellets (23–25 g) per day, given 1–2 h after
daily testing.
Drugs
Cocaine hydrochloride (Medisca Pharmaceutique Inc., St-
Laurent, Quebec) was dissolved in 0.9% saline. The concentration
of cocaine solutions was adjusted every 3–4 days according to the
average body weight of the animals. D-amphetamine sulphate
(AMPH; Sigma-Aldrich, Dorset, UK) was dissolved in 0.9% saline,
and given subcutaneously (SC) in a volume of 1 ml/kg.
Apparatus
Rats were tested in standard operant cages (31.86
25.4626.7 cm; Med Associates Inc, St-Albans, VT) placed in a
testing room different from their housing area. One wall of each
operant cage was equipped with two 4 cm-wide levers. The two
levers were 12 cm apart, and located 8 cm above the grid floor. A
white cue light was located above each lever, and a white house
light was located at the top of the opposite wall. A sonalert (tone-
generator) was located at the top right of the house light, and it was
calibrated to produce a 2900-Hz, 85-dB tone. A food magazine
placed in a recessed port was located in between the two levers.
Infrared beams detected head entries (nose pokes) into this port.
Experiments 1 and 2 were carried out in twenty-four cages
containing one retractable lever located on the left of the food
magazine and one fixed lever located on the right of the food
magazine. Experiment 1b was carried out in six cages containing
two retractable levers, located on each side of the food magazine.
Absorbent wood chips were placed on the floor of each operant
cage. The floor was covered with a metal grid. Each testing cage
was placed in a larger sound-light attenuating cabinet equipped
with a ventilation fan that also masked external noise. Each
chamber was equipped with a PHM-100 infusion pump (Med
Associates). A 10-ml, cocaine-containing syringe was placed upon
each pump and attached to a liquid swivel (Lomir Biomedical Inc.,
Notre-Dame-de-l’I ˆle-Perrot, Quebec) via Tygon tubing. The
swivel was mounted on a counter-balanced arm that allowed free
movement of the animal. The animals’ catheters were connected
to the swivel with Tygon tubing shielded with a metal spring. The
operant chambers were interfaced to software (Med Associates
Med-PC version IV).
Food Training
To facilitate the acquisition of cocaine self-administration
behaviour, rats underwent operant training using a food reward.
Rats were restricted to 3 large food pellets (,15 g) for three days
prior the first operant food training day. On each of two sessions,
rats were placed in the operant cages, and learned to nose poke for
banana-flavoured food pellets (45 mg, grain-based, Dustless
Precision Pellets; VWR, Montreal, Quebec) under a continuous
schedule of reinforcement (fixed ratio 1; FR 1). No discrete cues
(lights or tones) were associated with the delivery of food save for
the sounds made by the pellet dispenser and the delivery of each
pellet into the food receptacle. Sessions ended after 30 minutes or
100 responses. Upon completion of each session, rats were
returned to their home cages and given 2 large food pellets.
Animals that did not nose-poke at least 25 times during the second
session were retrained overnight. Overnight sessions ended after
300 responses or were manually interrupted at 8:00 AM the next
morning.
Jugular Catheterization
Two days following food training, each rat was implanted with a
catheter into the external jugular vein under 2% isoflurane
anaesthesia. Catheters were homemade and consisted of a cannula
attached to a 12.5-cm length of silastic tubing (ID=0.51 mm,
OD=0.94 mm) and fixed to nylon mesh with dental cement. A
silicone bubble was placed 3.3 cm from the bevelled tip of the
silastic tubing and another was placed 1.7 cm above the first
bubble. After inserting the bevelled tip of the catheter into the
jugular vein, one of the silicone bubbles was used to tie the
catheter to the vein, while the other bubble was used to anchor the
catheter to the chest muscle. The other end of the catheter was fed
subcutaneously under the front paw to protrude from the scapular
region. At the time of surgery, rats were given an intra-muscular
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CDMV, Saint-Hyacinthe, Quebec) and a SC injection of 5 mg/kg
Carprofen (Rimadyl; 50 mg/ml; CDMV).
Experiment 1. The objective here was to determine the
effects of the speed of intravenous cocaine delivery on the
acquisition, persistence and AMPH-induced potentiation of
operant responding for a cocaine-paired cue. The sequence of
experimental events is illustrated in Figure 1A.
Cocaine self-administration training without drug cues. Two to seven
days following jugular catheterization, all rats were trained to
nose-poke for cocaine infusions (0.5 mg/kg/infusion; weight of
the salt) delivered intravenously over 5 s under an FR 1 schedule
of reinforcement. Each infusion was followed by a 20-s time out
period during which additional nose-pokes were recorded but did
not deliver cocaine. Before each session, catheters were flushed
with 0.1 ml sterile saline. On alternate sessions, catheters were
flushed with 0.1 ml of a saline solution containing 0.2 mg/ml
heparin (Sigma-Aldrich, Oakville, Ontario) and 2 mg/ml enro-
floxacine (Baytril, 100 mg/ml; CDMV), at the end of the session.
At the beginning of each session, rats were attached to the
infusion apparatus and placed in the operant cages. Sessions were
conducted once a day and lasted for 90 minutes. The left lever
remained retracted at all times and no experimenter-pro-
grammed cues were explicitly paired with cocaine during
training. Once rats met minimum training criteria ($5
infusions/session, taken at regular intervals throughout the
session according to visual inspection of the cumulative-response
record), the ratio was increased to FR 2, and the time out period
was increased to 45 s, then 65 s, and finally 85 s. This is because
we ultimately wished to study the effects of 5- versus 90-s cocaine
infusions, and an 85-s time out period ensured that regardless of
infusion speed, all rats could take only one injection every 90 s.
Rats remained on an FR 2–85 s time out schedule for five
consecutive days before beginning cocaine self-administration
with cues.
Cocaine self-administration with drug cues. Animals were divided into
two groups where they could self-administer cocaine infusions
delivered over 5 or 90 s. Group assignment was made such that
the mean number of infusions obtained during the last 2 days of
training was equivalent in the two groups. Five- or 90-s infusions
were delivered using syringe pump motors (model R-DE; Med
Associates) capable of delivering 150 ml over 5 s (3.33 rpm) or
80 ml over 90 s (0.1 rpm), respectively. Rats could nose-poke for
cocaine under an FR 2 schedule. Each infusion was followed by an
85-s time out period for the 5-s group and no time out for the 90-s
group. During the actual infusion and time out period (if
applicable), the stimulus light above the retracted left lever was
lit. Thus, upon each drug infusion, the drug cue (i.e., illumination
of the stimulus light) was presented for 90 s in both groups. To
hold the number of infusions (and thus the number of cue-cocaine
pairings) constant, sessions initially ended after 10 infusions or
3 hours. Once a rat obtained the required number of infusions
over two consecutive sessions, the infusion criterion (IC) was
increased to 15, 20, 25 and finally 30 infusions/session. Rats
remained at IC 30 for 5 sessions before conditioned reward testing.
On occasion, some rats did not take the required number of
infusions prior to the 3-h time limit. For this reason, there was
some variability in the total number of cue-cocaine pairings in
each of the experimental groups (see Results).
Operant responding for conditioned reward. The conditioned reward-
ing properties of the cocaine cue were measured by assessing the
acquisition of a new lever-pressing response reinforced solely by
the cue. Rats were placed in the operant chambers and tethered to
the intravenous drug infusion lines, with the drug pumps turned
off. The left lever was inserted into the chamber for the very first
time. Rats could press this lever (Conditioned Reward lever; CR)
to obtain 5-s presentations of the cocaine cue (i.e., illumination of
the stimulus light above the left lever—now a conditioned reward)
according to a random-ratio 2 schedule. Rats could also press an
inactive lever (Non-Conditioned Reward lever; NCR) that
Figure 1. Timeline of behavioural training and testing. In Experiment 1 (panel A) we examined the effects of the speed of intravenous cocaine
delivery on the acquisition, persistence and AMPH-induced potentiation of operant responding for a cocaine-paired cue. In Experiment 2 (panel B) we
determined whether cues paired with rapid self-administered cocaine infusions would acquire conditioned reinforcing properties sooner than cues
paired with slower cocaine infusions. s, seconds; SAL, saline; AMPH, amphetamine.
doi:10.1371/journal.pone.0026481.g001
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lasted for 40 min, based on [42]. Conditioned reward tests were
given 1, 10–11 and 30 days after the last cocaine self-
administration session with cues. Three additional conditioned
reward tests were given 31, 32 and 33 days following cocaine
withdrawal. Five minutes before each of these last three tests, rats
were injected SC with saline (first test), 0.25 (second test) or 0.5
(third test) mg/kg AMPH. The order of the tested doses was set to
minimize the likelihood of carry-over and/or sensitization effects.
Experiment 1b. On the operant responding for conditioned
reward tests in Experiment 1 above and Experiment 2 below, the
CR lever was novel and the NCR lever was familiar to the rats.
This is because the NCR was non-retractable and was present
during previous cocaine self-administration sessions. However, the
CR was retractable and inserted into the operant chamber for the
first time on conditioned reward testing. The objective here was to
determine whether CR vs. NCR lever discrimination would be
apparent on a test for conditioned reward when both levers are
novel.
Pavlovian conditioning and operant responding for conditioned reward.
Water-restricted rats (2 h/day) were placed individually in
standard operant chambers containing two retractable levers.
Both levers remained retracted during this phase. The rats were
trained to associate the delivery of 0.1 ml tap water (the
unconditioned stimulus; UCS) into a receptacle with presentations
of a light/tone stimulus (the conditioned stimulus; CS), as in [47].
CS-UCS training occurred once a day for 10 days. Following
conditioning, rats were placed individually in the operant
chambers with both levers present for the first time. On this
session, pressing on one of the two levers (CR lever) produced 5-s
presentations of the CS (now a conditioned reward) according to a
random-ratio 2 schedule, and pressing on the other lever (NCR
lever) produced no consequences. No water was delivered and
sessions lasted for 40 min.
Experiment 2. The objective here was to determine whether
cues paired with rapid self-administered cocaine infusions would
acquire conditioned reinforcing properties sooner than cues paired
with slower cocaine infusions. The sequence of experimental
events is illustrated in Figure 1B. Procedures were identical to
those of Experiment 1 except where noted below.
Cocaine self-administration training without drug cues. Unlike in
Experiment 1, where rats were initially trained to self-administer
cocaine at the same infusion speed (i.e., 5 s) before being assigned
to either the 5- or 90-s group, rats were now trained to nose-poke
for cocaine (0.5 mg/kg/infusion) delivered either over 5 or 90-s
under an FR 1 schedule of reinforcement, with an 85 s time out
period for the 5-s group, straight from the outset. This was done in
order to avoid exposing rats in the 90-s group to 5-s cocaine
infusions. Once rats met acquisition criteria ($5 infusions/session,
taken at regular intervals throughout the session according to
visual inspection of the cumulative-response record), they were
moved to an FR 2 schedule, where they had to meet the same
acquisition criteria before proceeding to cocaine self-administra-
tion with drug cues. Self-administration proceeded under an FR 2
schedule of reinforcement for the remainder of the experiment.
Cocaine self-administration with drug cues. In order to increase the
saliency of cocaine-paired cues during this phase, each infusion
was accompanied by illumination of the stimulus light above the
retracted left lever (as described in Experiment 1) as well as
extinction of the house light. These stimuli were presented during
each cocaine infusion in both the 5- and 90-s groups, as well as
during each 85-s timeout period in the 5-s group. Thus, in both
groups, drug-paired cues were presented for 90 s upon each
cocaine infusion. Initially, sessions ended after 10 infusions or
3 hours, for three consecutive sessions. The IC was then increased
to 15 for two consecutive sessions, before being increased to 20.
Rats remained at IC 20 for 21 sessions. As in Experiment 1, on
occasion some rats did not satisfy the IC prior to the 3-hour time
limit. Thus, there was some variability in total drug intake and
total number of cue-cocaine pairings in each of the experimental
groups (see Results).
Operant responding for conditioned reward. A first conditioned reward
test was given on the day following 3 consecutive sessions at IC 10,
and a second test was given 1–2 days following an additional 21
consecutive sessions at IC 20 (i.e., following a total of 24 cocaine
self-administration sessions). Unlike in Experiment 1, the duration
of cue presentation during these tests was shortened from 5 to 1 s.
This was done in the hopes of increasing the number of active
lever presses to levels previously reported [42].
Statistics
Total drug intake and total number of cues-cocaine pairings
were analyzed with unpaired t-tests. Number of days to reach each
ratio or infusion criterion was analyzed with repeated-measures
two-way ANOVA. Lever presses were analyzed with three-way
ANOVA. When main effects were significant, these were further
investigated using paired t-tests. In Experiment 1, significant lever
x AMPH dose interaction effects were further analyzed using
Helmert contrasts. In Experiment 2, significant lever x self-
administration experience interaction effects were further analyzed
using paired t-tests. A 2-tailed p value of less than 0.05 was
considered significant.
Results
Experiment 1: Acquisition, persistence and AMPH-
induced potentiation of operant responding for a
cocaine-paired cue
All rats were first required to acquire cocaine self-administration
behaviour, where each cocaine infusion was delivered over 5 s and
followed by an 85-s time out period during which drug was
unavailable. Rats were then divided into the 5- and 90-s groups
where each self-administered cocaine infusion was delivered either
over 5 or 90 s and now accompanied by a light cue. During the
cocaine-cue self-administration phase, rats were required to meet a
progressively increasing criterion of 10, 15, 20 and 25 infusions/
session, for 2 consecutive days each, and then an infusion criterion
of 30 for 5 days. Figure 2 shows the total amount of cocaine
consumed (A), the total number of cue-cocaine pairings earned (B)
and the number of days to reach each infusion criterion (C) by rats
in the 5- and 90-s groups. Note that the total amount of cocaine
consumed includes cocaine taken during training, when all rats
self-administered cocaine injections delivered over 5 s. The two
groups were exposed to a similar total quantity of cocaine [(A),
t(8)=0.69, p=0.51] and total number of cue-cocaine pairings [(B),
t(8)=1.4, p=0.20]. In addition, there were no group differences in
the mean 6 SEM number of days to meet each infusion criterion
[(C), F(1, 8)=0.81, p=0.39].
Figure 3 shows CR versus NCR lever presses as a function of
group, one day (A), 10–11 days (B) and 30 days (C) following the
last cocaine self-administration session. There was no main effect
of group (F(1, 8)=0.012, p=0.92). There was a significant overall
main effect of lever (F(1, 8)=10.63, p=0.012). Further investiga-
tion of the effect of lever revealed that in the 5-s group, CR lever
presses were greater than NCR lever presses on Day 1 [(A)
t(4)=2.77, p=0.049] and on Days 10–11 [(B) t(4)=3.07,
p=0.037], but not on Day 30 [(C) t(4)=1.15, p=0.31] of cocaine
withdrawal. In the 90-s group, CR lever presses were greater than
Speed of Cocaine Delivery and Conditioned Reward
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t(4)=3.30, p=0.03; (B) t(4)=2.00, p=0.12; (C) t(4)=1.26,
p=0.28]. This indicates that early following withdrawal from
cocaine self-administration, both groups discriminated between
the two levers and spontaneously acquired a new operant
response, reinforced solely by the conditioned reward. However,
in both groups, lever discrimination was no longer evident
following more extended withdrawal from cocaine.
Figure 4 shows CR versus NCR lever presses as a function of
group, following an injection of saline (A), 0.25 (B) and 0.5 (C) mg/
kg AMPH. There was no main effect of group (F(1, 8)=0.337,
p=0.58). There was a significant main effect of lever
(F(1, 8)=14.72, p=0.005). Further investigation of the effect of
lever revealed that in the 5-s group, CR lever presses were greater
than NCR lever presses following an injection of 0.25 mg/kg
AMPH [(B) t(4)=3.63, p=0.02], but not following saline [(A)
t(4)=0.70, p=0.52] or an injection of 0.5 mg/kg AMPH [(C)
t(4)=1.95, p=0.12]. For the 90-s group, CR lever presses were
greater than NCR lever presses following an injection of either
0.25 mg/kg [(B) t(4)=3.48, p=0.025] or 0.5 mg/kg AMPH [(C)
t(4)=2.97, p=0.041], but not following an injection of saline [(A)
t(4)=2.87, p=0.05]. Thus, both groups showed no lever
discrimination following an injection of saline, but pressed more
on the CR vs. NCR lever following an acute AMPH challenge. In
addition, there was a significant lever x AMPH dose interaction
(F(1, 8)=9.67, p=0.014), indicating that the effect of AMPH on
lever pressing depended on lever type. To investigate the lever x
AMPH dose interaction, we collapsed the 5- and 90-s groups
together and used Helmert contrasts to compare saline to the two
AMPH doses and the two AMPH doses to each other. This
confirmed that both 0.25 and 0.5 mg/kg AMPH increased CR
lever pressing relative to saline (F(1, 9)=14.293, p=0.004), and
that there was no difference between the two AMPH doses
(F(1, 9)=1.41, p=0.27).
Experiment 1b: Operant responding for conditioned
reward when both response levers are novel
Figure S1 shows that when in the presence of two novel levers,
rats pressed more on the lever that produced a conditioned reward
(a light-tone cue previously paired with the delivery of water; CR
lever) than on the lever that did not [NCR lever; Paired t-test,
t(6)=7.06, p=0.0004]. Thus, rats discriminated between the two
novel levers and spontaneously acquired a new operant response,
reinforced solely by the conditioned reward.
Experiment 2: Operant responding for cocaine-paired
cues following limited versus extensive cocaine self-
administration
In experiment 2, rats were trained to nose-poke for cocaine
delivered either over 5 or 90 s, with an 85-s time out period for the
5-s group, first under an FR 1 schedule, and then under FR 2.
Acquisition criteria were defined as taking $5 infusions/session, at
regular intervals throughout the session. Acquisition criteria had to
be met for two consecutive days under each ratio schedule. Next,
rats were allowed to self-administer cocaine infusions delivered
either over 5 or 90 s and accompanied by light cues. During this
phase, the rats were required to meet a criterion of 10 and then 15
infusions/session, for 2 consecutive days each, and then an
Figure 2. In Experiment 1, there were no differences in the
amount of cocaine exposure, cocaine-cue exposure, or number
of days to reach each infusion criterion between the 5- and 90-
s groups. Total drug intake (panel A), number of cue-cocaine pairings
(panel B) and days to reach infusion criteria (panel C). Note that total
drug intake includes cocaine taken during self-administration training,
when all rats self-administered cocaine injections delivered over
5 seconds. Rats were required to meet infusion criteria 10–25 for 2
days each and infusion criterion 30 for 5 days. Values are mean 6 SEM.
n’s=5/group. s, seconds. CS, conditioned stimulus; UCS; unconditioned
stimulus.
doi:10.1371/journal.pone.0026481.g002
Figure 3. A cue paired with either rapid or slower cocaine injections acquires similar conditioned rewarding properties, and these
properties abate with time. Presses on the CR and NCR levers on Day 1 (panel A), Days 10–11 (panel B) and Day 30 (panel C) of withdrawal from
self-administered cocaine in the 5- and 90-s groups. Values are mean 6 SEM. n’s=5/group. s, seconds; CR, conditioned reward lever; NCR, non-
conditioned reward lever. *p,0.05 compared with NCR within the same group.
doi:10.1371/journal.pone.0026481.g003
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amount of cocaine consumed (A), the total number of cue-cocaine
pairings earned (B) and the number of days to reach each ratio and
infusion criterion (C) by rats in the 5- and 90-s groups. There was
no group difference in the total quantity of cocaine consumed [(A),
t(11)=0.19, p=0.85] or the total number of cue-cocaine pairings
earned [(B), t(11)=0.24, p=0.82]. In addition, there were no
group differences in the mean 6 SEM number of days to meet
each ratio and infusion criterion [(C), F(1, 11)=0.58, p=0.46].
Figure 6 shows CR versus NCR lever presses as a function of
group, following three (A) or twenty-four (B) cocaine self-
administration sessions. There was no main effect of group (F(1,
11)=0.28, p=0.61). There was an overall main effect of lever (F(1,
11)=27.8, p=0.000) and a significant lever x self-administration
experience interaction (F(1, 11)=8.202, p=0.015), indicating that
lever discrimination differed as a function of self-administration
experience. Further investigation of this interaction effect revealed
that in both the 5- and 90-s groups, there was no difference in CR
vs. NCR lever pressing following limited cocaine self-administra-
tion experience [i.e., 3 self-administration sessions; (A), 5-s group,
t(6)=0.18, p=0.87; 90-s group, t(5)=1.58, p=0.18 ], but that CR
lever presses were greater than NCR lever presses following
extensive cocaine self-administration experience [i.e., 24 self-
administration sessions; (B), 5-s group, t(6)=4.168, p=0.006; 90-s
group, t(5)=4.437, p=0.007]. Thus, following extensive, but not
limited self-administration experience, both groups discriminated
between the two levers and spontaneously acquired a new operant
response, reinforced solely by the conditioned reward.
Discussion
To our knowledge, the present study is the first and only report
examining the potential effects of the speed of cocaine delivery on
the response to drug cues. Our objectives were to determine
Figure 4. Amphetamine potentiates CR, but not NCR, lever presses in both the 5- and 90-s groups. Presses on the CR and NCR levers
following an acute injection of saline (panel A), 0.25 (panel B) and 0.5 (panel C) mg/kg amphetamine. Values are mean 6 SEM. n’s=5/group. s,
seconds; CR, conditioned reward lever; NCR, non-conditioned reward lever; AMPH, amphetamine. *p,0.05 compared with NCR within the same
group. a p,0.05 compared with CR under saline.
doi:10.1371/journal.pone.0026481.g004
Figure 5. In Experiment 2, there were no differences in the amount of cocaine exposure, cocaine-cue exposure, or the number of
days to reach each ratio/infusion criterion between the 5- and 90-s groups. Total drug intake (panel A), number of cue-cocaine pairings
(panel B) and days to reach ratio/infusion criteria (panel C) in the 5- and 90-s groups. Rats were required to meet the FR 1 and FR 2 criteria as well as
infusion criteria 10–15 for 2 days each, and to meet infusion criterion 20 for 21 days. Values are mean 6 SEM. n’s=6–7/group. s, seconds. CS,
conditioned stimulus; UCS; unconditioned stimulus. FR; fixed ratio.
doi:10.1371/journal.pone.0026481.g005
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cocaine might be invested with greater conditioned rewarding
properties, and acquire such properties sooner, than cues paired
with more sustained cocaine delivery. We found that—save for a
small effect on the persistence of operant responding for cocaine-
paired cues (see Figure 3B)—the speed of cocaine delivery did not
significantly influence the conditioned rewarding effects of drug
cues. Both animals that chronically self-administered rapid
(delivered i.v. over 5 s) or more sustained (90 s) cocaine injections
paired with discrete visual cues spontaneously acquired a novel
operant response reinforced solely by the cues, performed this
response with the same vigour, showed equivalent levels of
amphetamine-induced potentiation of operant responding for the
cues, and required a similar number of cue-cocaine pairings to
pursue the cues. Thus, discrete cues associated with the rapid entry
of cocaine into the brain were no more reinforcing than cues
associated with more sustained cocaine delivery, at least over the
range of delivery speeds used here (5 vs. 90 s). This range of
injection speeds produces different magnitudes of subjective effects
[48], estimates the different rates of rise of plasma cocaine levels
when cocaine is smoked vs. snorted [49], but would hold peak
brain levels of cocaine and dopamine constant in rats (while
producing different rates of rise of both brain cocaine and
dopamine levels [8,16]).
The ability of a reward cue to support the learning of a new
instrumental behaviour, in the absence of the primary reward, is a
critical and rigorous test for the acquired incentive motivational
power of the cue [41,50]. In order to be able to dissociate
conditioned reinforcement from primary reinforcement, we made
it such that the operant response that led to presentations of the
drug cues (lever-pressing) was distinct from that which previously
led to the drug (nose-poking; [42]). Using this procedure, we found
that cues which have been explicitly paired with self-administra-
tion of either rapid or slower i.v. cocaine are attributed with
equivalent incentive motivational properties. This lack of effect of
the speed of cocaine delivery was observed in two separate
experiments using independent cohorts of subjects and different
cue and cocaine self-administration parameters. These initial
findings suggest that the greater addictive potential of rapidly
delivered cocaine (e.g., smoked or injected cocaine relative to
intranasal cocaine) occurs through mechanisms that might not
involve differences in the ability of drug-paired cues to control
behaviour.
It has been shown previously that operant responding for a
cocaine-paired cue can persist for a long time (.2 months), in the
absence of further pairings of the cue with drug [42]. In the
current study, the ability to discriminate between the lever that
produced the cocaine cue and an inactive lever that did not,
abated with time. Indeed, one month following the cessation of
cocaine self-administration, no lever discrimination was apparent,
in either the 5- or the 90-s group. However, this was not due to
‘forgetting’ of the acquired rewarding value of the cue, because
acute injections of amphetamine given following one month of
withdrawal from cocaine selectively increased pressing on the lever
that produced the cue. We do not know why lever discrimination
dissipated with time and could only be seen following an
amphetamine challenge. One possible explanation could be
related to the fact that amphetamine and cocaine share common
discriminative properties [51]. As such, amphetamine might have
primed the performance of the operant response that led to
presentations of the cocaine-paired cue by eliciting interoceptive
signals similar to those elicited by cocaine. However, this is
unlikely because the operant response that was reinforced by the
cocaine cue (lever-pressing) was distinct from that which previously
led to the delivery of cocaine (nose-poking). Thus, the lever-
pressing response was never associated with the delivery of cocaine
and its interoceptive effects. A parsimonious explanation for the
effect of amphetamine is that compared to previous work showing
persistent responding for drug cues [42], the drug cues in the
current study acquired weaker incentive motivational properties,
which were then enhanced by administration of amphetamine.
Two factors that can influence the strength of a reward cue’s
reinforcing potency are the magnitude of the primary reward and
the number of cue-reward pairings [52]. The number of cue-
cocaine pairings earned is not given in the previous report [42],
but the dose of cocaine that supported persistent responding for
drug cues is slightly higher than ours (0.25 mg/infusion versus
0.5 mg/kg/infusion here, the latter being equivalent to 0.175 mg/
infusion for a 350-g rat).
As mentioned above, the number of pairings between the
conditioned stimulus and the primary reward can mediate the
strength of conditioned reinforcement [52]. Therefore, in
Experiment 2, we determined whether increasing the speed of
cocaine delivery might reduce the number of cue-drug pairings
necessary before the drug cues acquired incentive motivational
value in their own right. We found that regardless of the speed of
cocaine delivery, drug cues supported the establishment of a new
instrumental response following twenty-four self-administration
sessions (which provided 490 cue-drug pairings), but not following
three self-administration sessions (which provided 30 cue-drug
pairings). This suggests that regardless of the speed at which
cocaine is delivered to the brain, extended exposure to cocaine and
its associated environmental stimuli might be necessary before
these stimuli are able to guide appetitive behaviour.
There are limitations to this study that should be considered
when evaluating our conclusions. First, we only assessed one effect
of drug cues on motivated behaviour—the ability to support the
spontaneous learning of new actions. It must still be determined
whether variations in the speed of self-administered cocaine
Figure 6. In both the 5- and 90-s groups, discrimination
between the CR and NCR levers is observed following
extensive (panel B) but not limited (panel A) cocaine self-
administration experience. Limited self-administration experience
consisted of 3 self-administration sessions. Extensive self-administration
experience consisted of 24 self-administration sessions. Values are
mean 6 SEM. n’s=6–7/group. s, seconds; CR, conditioned reward lever;
NCR, non-conditioned reward lever; SA, cocaine self-administration.
*p,0.05 compared with NCR within the same group.
doi:10.1371/journal.pone.0026481.g006
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addiction, including the ability to elicit approach, and invigorate
or trigger drug-seeking behaviour. Interestingly, the same factors
that influence how well a reward cue reinforces the learning of new
behaviours [53] also influence how well drug cues are able to
invigorate drug-taking and precipitate drug-seeking [54]. This
suggests that all of these properties of a reward cue might have
common substrates. As such, the present findings might predict
that the speed of cocaine delivery would not influence the ability of
drug cues to elicit approach or influence drug-seeking and drug-
taking behaviour. This hypothesis remains to be evaluated. A
second consideration is that we have assessed the effects of only
one dose of cocaine. Cues paired with lower cocaine doses might
acquire weaker incentive motivational properties, and increasing
the speed of cocaine delivery might augment these properties.
However, the level of operant responding for cocaine cues in the
current study is quite similar to that seen in a report where both a
lower and a higher dose of cocaine were tested (compare our
Figure 3A to Figure 1 in [42]), and together our respective studies
span the range of doses that reliably support the acquisition of
cocaine self-administration behaviour in rats [55]. Finally, we have
compared the effects of spatially isolated, environmental (i.e.,
exteroceptive) cues paired with rapid versus more sustained
intravenous cocaine delivery. However, there are also potent
interoceptive cues associated with cocaine intake, and the interocep-
tive signals produced by rapid versus sustained intravenous
cocaine injections in our rats are likely not as different as the
interoceptive signals produced by taking cocaine via different
routes of administration in humans. Indeed, one can easily
imagine that humans self-administering cocaine to the nasal
mucosa versus intravenously or by inhalation would experience
quite different sensations. It remains to be determined how the
different peripheral signals associated with different routes of
administration might acquire incentive motivational properties
and contribute to drug-taking behaviour.
Cocaine can be taken by several different routes, including the
intranasal, intravenous or inhalation routes. These routes differ in
how much drug they deliver to the organism, but also in how fast
[49,56]. Cocaine taken by any of these routes can lead to
addiction. However, it is generally agreed that addiction is more
severe in subjects who inject or smoke the drug [1–7]. Compared
to intranasal cocaine users, those who smoke or inject the drug
take more of it, in higher doses, and for longer, report that they are
less able to control their use and score higher on severity of
addiction scales [1,2]. Similar findings are reported for heroin
[57]. Thus, drug addiction appears to be somehow qualitatively
and/or quantitatively different in those who use rapid routes of
drug delivery. If this is truly the case, then it is possible that this
special population of addicts would benefit from tailored treatment
approaches. At present, it is not known exactly what behavioural
or neurobiological targets should form the basis of such
customized treatment strategies. Our results show that the
conditioned rewarding effects of drug cues are not different in
rats that self-administer rapid vs. more sustained cocaine. As such,
whatever behavioural and neurobiological mechanisms underlie
the greater addictive of rapidly delivered cocaine, these are
unlikely to include a greater sensitivity to drug cues. Although
additional research is needed, the present findings suggest that
interventions that diminish the responsiveness to drug cues might
not be preferentially effective in reducing the pursuit and
consumption of rapidly delivered cocaine.
Supporting Information
Figure S1 When in the presence of two novel levers, rats
spontaneously press more on the lever that produces a
conditioned reward (CR) than on the lever that does not
(NCR). Values are mean 6 SEM. N=6. *p,0.05 compared with
NCR.
(EPS)
Acknowledgments
We are grateful to Dr. Guy Rousseau for advice on statistical analyses. We
are also indebted to Drs. Terry E. Robinson and Paul B. Clarke for
comments on previous versions of this manuscript.
Author Contributions
Conceived and designed the experiments: A-NS. Performed the experi-
ments: E-AM WN. Analyzed the data: A-NS WN. Wrote the paper: A-NS
E-AM WN.
References
1. Gossop M, Griffiths P, Powis B, Strang J (1994) Cocaine: patterns of use, route of
administration, and severity of dependence. Br J Psychiatry 164: 660–
664.
2. Hatsukami DK, Fischman MW (1996) Crack cocaine and cocaine hydrochlo-
ride. Are the differences myth or reality? Jama 276: 1580–1588.
3. Henningfield JE, Keenan RM (1993) Nicotine delivery kinetics and abuse
liability. J Consult Clin Psychol 61: 743–750.
4. Gorelick DA (1992) Progression of dependence in male cocaine addicts.
Am J Drug Alcohol Abuse 18: 13–19.
5. O’Brien MS, Anthony JC (2005) Risk of becoming cocaine dependent:
epidemiological estimates for the United States, 2000–2001. Neuropsychophar-
macology 30: 1006–1018.
6. Gawin FH, Ellinwood EH, Jr. (1988) Cocaine and other stimulants. Actions,
abuse, and treatment. N Engl J Med 318: 1173–1182.
7. Chen CY, Anthony JC (2004) Epidemiological estimates of risk in the process of
becoming dependent upon cocaine: cocaine hydrochloride powder versus crack
cocaine. Psychopharmacology (Berl) 172: 78–86.
8. Samaha AN, Li Y, Robinson TE (2002) The rate of intravenous cocaine
administration determines susceptibility to sensitization. J Neurosci 22:
3244–3250.
9. Samaha AN, Mallet N, Ferguson SM, Gonon F, Robinson TE (2004) The rate
of cocaine administration alters gene regulation and behavioral plasticity:
implications for addiction. J Neurosci 24: 6362–6370.
10. Samaha AN, Yau WY, Yang P, Robinson TE (2005) Rapid delivery of nicotine
promotes behavioral sensitization and alters its neurobiological impact. Biol
Psychiatry 57: 351–360.
11. Liu Y, Roberts DC, Morgan D (2005) Sensitization of the reinforcing effects of
self-administered cocaine in rats: effects of dose and intravenous injection speed.
Eur J Neurosci 22: 195–200.
12. Crombag HS, Ferrario CR, Robinson TE (2008) The rate of intravenous
cocaine or amphetamine delivery does not influence drug-taking and drug-
seeking behavior in rats. Pharmacol Biochem Behav 90: 797–804.
13. Wakabayashi KT, Weiss MJ, Pickup KN, Robinson TE (2010) Rats markedly
escalate their intake and show a persistent susceptibility to reinstatement only
when cocaine is injected rapidly. J Neurosci 30: 11346–11355.
14. Brown PL, Kiyatkin EA (2005) Brain temperature change and movement
activation induced by intravenous cocaine delivered at various injection speeds
in rats. Psychopharmacology (Berl) 181: 299–308.
15. Porrino LJ (1993) Functional consequences of acute cocaine treatment depend
on route of administration. Psychopharmacology (Berl) 112: 343–351.
16. Ferrario CR, Shou M, Samaha AN, Watson CJ, Kennedy RT, et al. (2008) The
rate of intravenous cocaine administration alters c-fos mRNA expression and the
temporal dynamics of dopamine, but not glutamate, overflow in the striatum.
Brain Res 1209: 151–156.
17. Hatsukami DK, Fischman MW (1996) Crack cocaine and cocaine hydrochlo-
ride. Are the differences myth or reality? JAMA 276: 1580–1588.
18. de Wit H, Dudish S, Ambre J (1993) Subjective and behavioral effects of
diazepam depend on its rate of onset. Psychopharmacology 112: 324–
330.
19. Nelson RA, Boyd SJ, Ziegelstein RC, Herning R, Cadet JL, et al. (2006) Effect of
rate of administration on subjective and physiological effects of intravenous
cocaine in humans. Drug Alcohol Depend 82: 19–24.
Speed of Cocaine Delivery and Conditioned Reward
PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e2648120. Balster RL, Schuster CR (1973) Fixed-interval schedule of cocaine reinforce-
ment: effect of dose and infusion duration. J Exp Anal Behav 20: 119–129.
21. Panlilio LV, Goldberg SR, Gilman JP, Jufer R, Cone EJ, et al. (1998) Effects of
delivery rate and non-contingent infusion of cocaine on cocaine self-
administration in rhesus monkeys. Psychopharmacology (Berl) 137: 253–258.
22. Kato S, Wakasa Y, Yanagita T (1987) Relationship between minimum
reinforcing doses and injection speed in cocaine and pentobarbital self-
administration in crab-eating monkeys. Pharmacol Biochem Behav 28: 407–410.
23. Schindler CW, Cogan ES, Thorndike EB, Panlilio LV (2011) Rapid delivery of
cocaine facilitates acquisition of self-administration in rats: An effect masked by
paired stimuli. Pharmacol Biochem Behav 99: 301–306.
24. Samaha AN, Robinson TE (2005) Why does the rapid delivery of drugs to the
brain promote addiction? Trends Pharmacol Sci 26: 82–87.
25. O’Brien CP, Childress AR, McLellan AT, Ehrman R (1992) Classical
conditioning in drug-dependent humans. Ann N Y Acad Sci 654: 400–415.
26. Wise RA, Kiyatkin EA (2011) Differentiating the rapid actions of cocaine. Nat
Rev Neurosci.
27. Duka T, Townshend JM (2004) The priming effect of alcohol pre-load on
attentional bias to alcohol-related stimuli. Psychopharmacology (Berl) 176:
353–361.
28. Field M, Cox WM (2008) Attentional bias in addictive behaviors: a review of its
development, causes, and consequences. Drug Alcohol Depend 97: 1–20.
29. Schoenmakers T, Wiers RW, Field M (2008) Effects of a low dose of alcohol on
cognitive biases and craving in heavy drinkers. Psychopharmacology (Berl) 197:
169–178.
30. Levine DG (1974) ‘‘Needle freaks’’: compulsive self-injection by drug users.
Am J Psychiatry 131: 297–300.
31. Ehrman RN, Robbins SJ, Childress AR, O’Brien CP (1992) Conditioned
responses to cocaine-related stimuli in cocaine abuse patients. Psychopharma-
cology (Berl) 107: 523–529.
32. Uslaner JM, Acerbo MJ, Jones SA, Robinson TE (2006) The attribution of
incentive salience to a stimulus that signals an intravenous injection of cocaine.
Behav Brain Res 169: 320–324.
33. Arroyo M, Markou A, Robbins TW, Everitt BJ (1999) Acquisition, maintenance
and reinstatement of intravenous cocaine self-administration under a second-
order schedule of reinforcement in rats: Effects of conditioned cues and
continuous access to cocaine. Psychopharmacology (Berl) 140: 331–344.
34. Panlilio LV, Weiss SJ, Schindler CW (1996) Cocaine self-administration
increased by compounding discriminative stimuli. Psychopharmacology (Berl)
125: 202–208.
35. de Wit H, Stewart J (1981) Reinstatement of cocaine-reinforced responding in
the rat. Psychopharmacology (Berl) 75: 134–143.
36. Shaham Y, Shalev U, Lu L, De Wit H, Stewart J (2003) The reinstatement
model of drug relapse: history, methodology and major findings. Psychophar-
macology (Berl) 168: 3–20.
37. Wise RA, Wang B, You ZB (2008) Cocaine serves as a peripheral interoceptive
conditioned stimulus for central glutamate and dopamine release. PLoS One 3:
e2846.
38. Rescorla RA, Solomon RL (1967) Two-process learning theory: Relationships
between Pavlovian conditioning and instrumental learning. Psychol Rev 74:
151–182.
39. Lovibond PF (1983) Facilitation of instrumental behavior by a Pavlovian
appetitive conditioned stimulus. J Exp Psychol Anim Behav Process 9: 225–247.
40. Dickinson A, Dawson GR (1987) Pavlovian processes in the motivational control
of instrumental performance. Quarterly Journal of Experimental Psychology B
39: 201–213.
41. Mackintosh NJ (1974) The psychology of animal learning. London: Academic.
42. Di Ciano P, Everitt BJ (2004) Conditioned reinforcing properties of stimuli
paired with self-administered cocaine, heroin or sucrose: implications for the
persistence of addictive behaviour. Neuropharmacology 47 Suppl 1: 202–213.
43. Di Ciano P (2008) Facilitated acquisition but not persistence of responding for a
cocaine-paired conditioned reinforcer following sensitization with cocaine.
Neuropsychopharmacology 33: 1426–1431.
44. Dickinson A, Mackintosh NJ (1978) Classical conditioning in animals. Annu Rev
Psychol 29: 587–612.
45. Robbins TW (1978) The acquisition of responding with conditioned reinforce-
ment: effects of pipradrol, methylphenidate, d-amphetamine, and nomifensine.
Psychopharmacology (Berl) 58: 79–87.
46. Robbins TW, Watson BA, Gaskin M, Ennis C (1983) Contrasting interactions of
pipradrol, d-amphetamine, cocaine, cocaine analogues, apomorphine and other
drugs with conditioned reinforcement. Psychopharmacology (Berl) 80: 113–119.
47. Be ´dard AM, Maheux J, Le ´vesque D, Samaha AN Chronic treatment with a
typical, but not with an atypical, antipsychotic drug enhances the pursuit of
reward cues; 2011; Washington, D. C.
48. Abreu ME, Bigelow GE, Fleisher L, Walsh SL (2001) Effect of intravenous
injection speed on responses to cocaine and hydromorphone in humans.
Psychopharmacology (Berl) 154: 76–84.
49. Jones RT (1990) The pharmacology of cocaine smoking in humans. NIDA Res
Monogr 99: 30–41.
50. Cardinal RN, Parkinson JA, Hall J, Everitt BJ (2002) Emotion and motivation:
the role of the amygdala, ventral striatum, and prefrontal cortex. Neurosci
Biobehav Rev 26: 321–352.
51. D’Mello GD, Stolerman IP (1977) Comparison of the discriminative stimulus
properties of cocaine and amphetamine in rats. Br J Pharmacol 61: 415–422.
52. Kelleher RT, Gollub LR (1962) A review of positive conditioned reinforcement.
J Exp Anal Behav 5: 543–597.
53. Robinson TE, Flagel SB (2009) Dissociating the predictive and incentive
motivational properties of reward-related cues through the study of individual
differences. Biol Psychiatry 65: 869–873.
54. Saunders BT, Robinson TE. A cocaine cue acts as an incentive stimulus in some
but not others: implications for addiction. Biol Psychiatry 67: 730–736.
55. Carroll ME, Lac ST (1997) Acquisition of i.v. amphetamine and cocaine self-
administration in rats as a function of dose. Psychopharmacology (Berl) 129:
206–214.
56. Javaid JI, Fischman MW, Schuster CR, Dekirmenjian H, Davis JM (1978)
Cocaine plasma concentration: relation to physiological and subjective effects in
humans. Science 202: 227–228.
57. Gossop M, Griffiths P, Powis B, Strang J (1992) Severity of dependence and
route of administration of heroin, cocaine and amphetamines. Br J Addict 87:
1527–1536.
Speed of Cocaine Delivery and Conditioned Reward
PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e26481